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Abstract
The purpose of the present work was to study the mechanisms involved in apoptosis induced by oxidative stress in rat
hepatocytes. We focused on the apoptotic signaling molecules cytochrome c, Bcl-2 and Bax. Rat hepatocytes were exposed
for 1 h to increasing concentrations of tert-butylhydroperoxide (t-BHP). Using lactate dehydrogenase (LDH) leakage as a
biomarker for necrosis, and DNA fragmentation as a biomarker for apoptosis, we observed that a concentration of t-BHP of
0.4^0.5 mM provides a transition point below which apoptosis is favored and beyond which necrosis is favored.
Malondialdehyde and 8-oxo-guanine formation indicates that t-BHP induces oxidative stress and damage. However, at 0.4
mM t-BHP, these oxidative molecular changes as well as LDH leakage no longer progress after the first hour of t-BHP
exposure, suggesting the activation of some defense mechanisms. Western blot analysis of cytochrome c shows that its level
increases in the cytosol while that of Bax decreases in this fraction as a result of t-BHP treatment. Moreover, there is a loss of
Bcl-2 from mitochondria while, in contrast, Bax accumulates in this organelle following t-BHP treatment. However,
cytochrome c appears to be relocalized to the endoplasmic reticulum as its presence in microsomes is greatly enhanced. We
suggest that t-BHP triggers apoptosis through a step that involves cytochrome c release from mitochondria. This event is
stimulated by Bcl-2 disappearance from mitochondria and Bax recruitment. Neutralization of excess cytosolic cytochrome c
is achieved by its relocalization to the endoplasmic reticulum, hence triggering the down-regulation of apoptotic
signals. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
During the last 5 years, interest in redox signaling
has increased signi¢cantly, in part due to the involve-
ment of reactive oxygenated species (ROS) in a
myriad of cell signaling pathways including those
responsible for cell growth, development and death
[1,2]. ROS are usually known for their deleterious
e¡ects on macromolecules. They can damage cells
by oxidizing membrane phospholipids, proteins and
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nucleic acids [3]. Fortunately, cells possess antioxi-
dant molecules, which can react with ROS and neu-
tralize them before they in£ict damage on vital com-
ponents. Endogenous agents that participate in the
antioxidant defense in cells include ascorbic acid, K-
tocopherol, glutathione, and thioredoxin as well as
enzymes such as superoxide dismutase, glutathione
peroxidase, and catalase [4]. However, oxidative
stress occurs when antioxidant mechanisms are over-
whelmed by ROS; the resulting damage can lead to
cell death which can be either necrotic or apoptotic
[5,6].
Necrosis is an accidental process which usually
results from severe or acute injuries including anoxia,
hypoxia, ischemia, exposure to metabolic poison,
and direct cell trauma [7,8]. In contrast, apoptotic
death is a very well controlled and programmed pro-
cess that can be induced under physiological as well
as pathophysiological conditions.
Mitochondria play a major role in apoptosis con-
trol [8^10]. The pro-apoptotic protein cytochrome c
is present in the mitochondrial intermembranous
space. Under normal conditions, the protein partic-
ipates in electron transfer between complex III and
complex IV of the respiratory chain [11]. However,
following an apoptotic signal, cytochrome c is re-
leased into the cytosol where it complexes with the
apoptotic protease activating factor 1. The new com-
plex can then activate caspase 9 which, in turn, will
activate the caspase cascade responsible for apoptosis
execution [6,9,12,13].
According to Zoratti and Szabo [14] and Susin et
al. [15], cytochrome c release into the cytosol pre-
cedes a loss in mitochondrial membrane potential
(v8m) which results from the opening of mitochon-
drial permeability transition pores (PTP). It seems
that this loss is responsible for increasing mitochon-
drial permeability to cytochrome c. However, PTP
opening is controlled by members of the well-known
Bcl-2 family [16]. These proteins play a pivotal role
in determining whether a cell will live or die [17]. The
Bcl-2 family includes both pro- and anti-apoptotic
molecules, and the interplay between these two sub-
sets of proteins greatly in£uences cell sensitivity to
apoptotic signals [18,19]. Bcl-XL and Bcl-2 are anti-
apoptotic molecules considered the gatekeepers of
mitochondrial functions. They are localized on the
mitochondrial outer membrane through their hydro-
phobic tail, where they control PTP opening. More-
over, their three-dimensional structure allows them
to form membrane channels [20,21]. Thus Bcl-XL
and Bcl-2 are involved in the maintenance of cyto-
chrome c in mitochondria [15].
In addition to mitochondria, which have been
widely studied as a key control site for apoptotic
events, other organelles also seem to be implicated
in this function. Gilvo et al. [22] and Krasjewski et
al. [23] have detected the presence of Bcl-XL and Bcl-
2 in endoplasmic reticulum (ER) and nuclear mem-
branes. The ways in which these cell compartments
regulate apoptosis remain unclear. However, Ha«cki
et al. [24] have demonstrated that blockage of ER
protein synthesis activity is associated with cyto-
chrome c release from mitochondria resulting in ap-
optosis which can be inhibited by wild type Bcl-2 as
well as by the Bcl-2 variant localized in the ER (Bcl-
2/cb5). These authors have suggested that mitochon-
dria and ER could communicate through mecha-
nisms that still remain to be elucidated. Moreover,
Ng et al. [25] have found an ER protein called
p28Bap31, which appears to be responsible for apo-
ptotic pathways. Bap31, which is a shuttle protein
between the ER and Golgi, possesses caspase recog-
nition sites. Once Bap31 is cleaved by caspase 8 or 1,
the remaining 20 kDa fragment is able to induce
apoptosis.
Despite the fact that redox signaling and apoptosis
pathways have been widely studied over the last few
years, there are no data on the impact of oxidative
stress upon mitochondrial regulation of apoptosis by
the Bcl-2 family members. Our objective was, there-
fore, to investigate the relationships between oxida-
tive stress, apoptosis and mitochondrial apoptotic
function. We hypothesized that oxidative stress in-
duces apoptosis in hepatocytes via a mechanism
that involves the mobilization of the mitochondrial
protein cytochrome c under the control of the Bcl-2
family proteins Bcl-2 and Bax. To test our hypoth-
esis, rat hepatocytes in culture were exposed to tert-
butylhydroperoxide (t-BHP), a chemical compound
commonly used to induce oxidative stress in biolog-
ical systems. Our results show that t-BHP triggers
apoptosis and subcellular relocalization of cyto-
chrome c suggesting the involvement of ER in apo-
ptosis regulation in hepatocytes under oxidative
stress.
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2. Materials and methods
2.1. Materials
Fetal bovine serum (FBS), minimal essential me-
dium (MEM), Williams’ medium E (WME) and gen-
tamicin were purchased from Gibco/Life Technolo-
gies (Burlington, ON, Canada). t-BHP, 8-oxo-
guanine (8-oxoG), azaadenine (azaA), malondialde-
hyde (MDA), thiobarbituric acid, insulin, Hoechst
33528, tri£uoroacetic acid, bistrismethylsilyltri£uo-
roacetamide (BSFTA), trismethylchlorosilane and
acetonitrile came from Sigma-Aldrich (St. Louis,
MO, USA). NADH came from Boehringer-Mann-
heim (Montreal, QC, Canada). Temmed, ammonium
persulfate, bisacrylamide, acrylamide, and molecular
weight standards were purchased from Bio-Rad
(Mississauga, ON, Canada). Anti-Bcl-2 and anti-
Bcl-XL=S antibodies were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA), while anti-cyto-
chrome c was from Pharmingen (San Diego, CA,
USA). Anti-Bax antibody came from Transduction
Laboratories (Bluegrass, Lexington, KY, USA).
2.2. Preparation of rat hepatocytes and exposure
to t-BHP
A two-step collagenase perfusion technique [26]
was used to isolate hepatocytes from Sprague^Daw-
ley rats weighing 150^250 g. The hepatocytes were
puri¢ed by isodensity Percoll centrifugation, and cell
viability was determined using £ow cytometry after
propidium iodide staining [27]. Viability of freshly
isolated hepatocytes was routinely above 85%. Hepa-
tocytes were suspended in WME containing 10%
FBS and 0.5% gentamicin, and 1.5U106 cells were
seeded into 60 mm Petri dishes coated with rat tail
collagen. The cells were incubated for 3 h at 37‡C in
a humidi¢ed atmosphere containing 95% air and 5%
CO2. Then, unattached or dead cells were removed
by washing the monolayer twice with MEM and 4.5
ml of fresh Leibovitz 15 medium (L-15), supple-
mented with 0.2 Wg/ml insulin and 0.5% gentamicin.
Cells were then incubated overnight at 37‡C. Hepa-
tocytes were washed twice with MEM, and 4.5 ml of
fresh L-15 was added. Cells were then exposed for
1 h to increasing t-BHP concentrations up to 0.9 mM,
and the induction of cell death was studied.
2.3. Detection of cell death
2.3.1. Necrosis
Necrosis was detected by lactate dehydrogenase
(LDH) leakage into the extracellular medium accord-
ing to the method of Moldeus et al. [28]. Brie£y, 28
Wl of culture medium from each dish was pipetted in
duplicate into a well of a 96 well microplate, to
which 250 Wl of substrate was added. The initial
change in absorbance at 340 nm was then recorded
on a Titertek Multiskan microplate reader. Viability
was expressed as the fraction of LDH released into
the culture medium relative to the total cellular ac-
tivity determined after lysis of cells by addition of
Triton X-100 (0.1% v/v).
2.3.2. Apoptosis
Apoptosis was detected by two methods.
2.3.2.1. Measurement of DNA fragmenta-
tion. The monolayer was washed twice with phos-
phate bu¡ered saline (PBS) solution and cells were
lysed in 50 Wl of a bu¡er containing 50 mM Tris^
HCl, 10 mM EDTA, and 0.5% SDS. The lysates
were then incubated for 10 min at 55‡C. Then, 10
Wl of a solution of 20 mg/ml proteinase K was added
and the samples were incubated overnight at 55‡C.
Thereafter, 10 Wl of 0.5 mg/ml RNase A was added
for 1 h at 37‡C. After these digestion steps, DNA
was isolated from the cells using phenol/chloroform
extraction. To do so, one volume of salt-saturated
phenol and one volume of a mixture of isoamyl al-
cohol:chloroform (1:24 v/v) was added to the sam-
ples, which were centrifuged for 5 min at 35 000Ug.
A second phenol/chloroform extraction was per-
formed on the sample’s upper phases. Then, DNA
was precipitated by adding two volumes of cold 70%
ethanol, and samples were centrifuged for 20 min at
35 000Ug. The pellets, which were the precipitated
DNA, were dissolved in 30 Wl of a Tris^EDTA bu¡er
containing 10 mM Tris^HCl, 1 mM EDTA, pH: 7.4.
DNA samples were electrophoresed for 3 h in a 2%
agarose gel. DNA fragmentation was visualized
under UV translumination by ethidium bromide
staining.
2.3.2.2. Hoechst 33258 staining. Hoechst 33258 is
a dye that complexes with condensed DNA in apo-
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ptotic cells. Hepatocytes were washed twice with
MEM, and 4.5 ml of fresh L-15 medium was added.
Cells were then exposed to 50 Wl of a solution of
1 mg/ml Hoechst 33258 for 10 min, washed twice
with PBS, and covered with 2 ml of PBS. Apoptotic
cells were visualized using £uorescence microscopy
with standard excitation ¢lters.
2.4. Oxidative stress evaluation
Hepatocytes were washed twice with MEM, and
4.5 ml of fresh L-15 was added. Cells were then ex-
posed to 0.4 mM t-BHP for varying lengths of time
for up to 8 h. 8-oxoG and MDA were then mea-
sured.
2.4.1. Measurement of MDA
MDA was measured using a £uorometric tech-
nique. After t-BHP treatment, cells were washed
twice with PBS and resuspended in the same bu¡er.
MDA was determined as a thiobarbituric acid (TBA)
reactive substance according to the procedure of
Buege and Aust [29]. TBA^MDA complex was de-
tected using 515 nm and 553 nm as excitation and
emission wavelengths, respectively.
2.4.2. Measurement of 8-oxoG
2.4.2.1. DNA extraction. This procedure was
performed on at least 107 cells. Hepatocytes were
washed twice with PBS. Enzymatic digestion was
performed by adding to each Petri dish 3 ml of a
solution containing: 400 mM NaCl, 100 mM Tris^
HCl, 5 mM EDTA, 0.2% SDS, 0.1 mM desferol, 20
nM ribonuclease A and 500 nM proteinase K, pH 8.
Cells were then incubated overnight at 37‡C. There-
after, 3 ml of cold isopropanol was added to precip-
itate the DNA. The precipitate was then washed
twice with cold 70% ethanol. DNA samples were
evaporated to dryness.
2.4.2.2. DNA hydrolysis. To each DNA sample,
the internal standard azaA was added (4 nmol), and
DNA was hydrolyzed using 400 Wl 60% formic acid.
Samples were incubated at 130‡C for 30 min.
2.4.2.3. DNA derivatization. Hydrolysates were
evaporated to dryness and the derivatization was
performed in reaction vials sealed under argon, by
adding 100 Wl of a mixture of tri£uoroacetic acid,
BSFTA containing 1% trimethylchlorosilane, and
acetonitrile (10:80:10, v/v/v). After 30 min at room
temperature, the reaction was stopped in ice.
2.4.2.4. 8-oxoG analysis by gas chromatography/
mass spectrometry (GC/MS). 8-oxoG was analyzed
by GC/MS with single ion monitoring according to
the technique of Douki et al. [30] reviewed by Abale¤a
et al. [31]. Analyses were performed on an HP 5890
gas chromatograph (Hewlett Packard, Les Ulis,
France) equipped with a capillary column (0.25
mm, 30 m) coated with 5% phenylmethylsiloxane
(HP-5MS, Hewlett Packard).
2.5. Cytochrome c, Bax and Bcl-2 Western blot
detection
2.5.1. Sub-cellular fractionation of rat hepatocytes
This procedure was performed on at least 106 cells.
After t-BHP treatment, cells were washed twice with
PBS and resuspended in 500 Wl of ice-cold homoge-
nization bu¡er (250 mM sucrose, 1 mM EDTA-Na2,
10 mM Na pyrophosphate, 10 mM tricine, 2 mM
MgCl2, and 2 mM NaN3). The cells were lysed man-
ually with a potter. The resulting cell lysate was cen-
trifuged at 1500Ug for 5 min at 4‡C. The superna-
tants were collected and centrifuged at 3640Ug for
5 min at 4‡C.
The pellets, which contained mitochondria, were
resuspended in 0.55 ml of homogenization bu¡er;
then 0.45 ml of Percoll (d = 1.05) was added. The
samples were centrifuged at 10 000Ug for 20 min
at 4‡C. Mitochondria form a pellet, which is col-
lected and washed by centrifugation at 3640Ug at
4‡C in 500 Wl of homogenization bu¡er. The pellets,
which represented the mitochondrial fraction, were
resuspended in 40 Wl of homogenization bu¡er.
The supernatants were centrifuged at 17 000Ug for
10 min at 4‡C. A second centrifugation on superna-
tants resulting from the ¢rst centrifugation was per-
formed at 100 000Ug for 1 h at 4‡C. The pellets were
collected and resuspended in 100 Wl of homogeniza-
tion bu¡er. This corresponded to the microsomal
fraction, while supernatants represented the cytosolic
fraction.
The di¡erent fractions were used for Western blot
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analyses. The protein contents of mitochondrial, mi-
crosomal, and cytosolic fractions were determined by
the method of Bradford [32].
2.5.2. Western blot analysis
From each sample prepared as above, 15^30 Wg
protein was mixed with Laemmli 4U and heated to
100‡C by incubating in a water bath for 4 min. 12%
SDS^PAGE was performed at a constant voltage of
125 V for about 1 h. Thereafter, the proteins were
transferred to a polyvinylidene £uoride membrane,
and then the membrane non-speci¢c binding sites
were blocked with a bu¡er containing 2 mM Tris^
HCl, 13.7 mM NaCl and 0.1% Tween 20, pH 7.4
(TBST), plus 5% non-fat dry milk. This treatment
was performed overnight at 4‡C under mild agita-
tion. The membranes were then washed at room tem-
perature for 1 h with TBST. Then, they were incu-
bated for 1 h at room temperature with the
appropriate antibodies:
b Anti-Bax rabbit polyclonal, diluted 1/200 in
TBST+1% BSA.
b Anti-Bcl-2 rabbit polyclonal, diluted 1/1000 in
TBST+1% BSA.
b Anti-cytochrome c mouse polyclonal, diluted 1/
1000 in TBST+1% BSA.
Bcl-2 and Bax were detected with monkey anti-
rabbit immunoglobulin G (IgG) conjugated to horse-
radish peroxidase (diluted 1/1000 in TBST+5% non-
fat milk) and chemiluminescent detection (ECL,
Amersham, Bucks, UK). Cytochrome c was detected
with monkey anti-mouse IgG, conjugated to horse-
radish peroxidase (diluted 1/1000 in TBST+5% non-
fat milk) and chemiluminescent detection (ECL). The
resulting membranes were exposed to Fuji medical
X-ray ¢lm. Densitometry assessment of the bands
was done using a Molecular Dynamics scanner
equipped with the analytical software IP Lab gel.
2.6. Statistical analysis
The experiments were performed at least three
times on di¡erent cell preparations. Within each ex-
periment, determinations were run in triplicate.
The comparison between groups and the analysis
for di¡erences between the means of the control and
treated groups were performed using ANOVA fol-
lowed by the post-hoc test Fisher’s PLSD (P6 0.05).
3. Results
3.1. Cellular mortality
As oxidative stress can induce necrosis as well as
apoptosis, the ¢rst goal of this study was to deter-
Fig. 1. Cell viability and DNA fragmentation. Cells were exposed to increasing t-BHP concentrations for 1 h. (A) LDH leakage was
then measured. Data represent means þ S.E.M. from three separate cell preparations. Asterisks indicate statistically signi¢cant di¡eren-
ces from the activity measured at 0 mM. (B) DNA was extracted and electrophoresed in 2% agarose gel. DNA fragmentation was vis-
ualized as oligonucleosome-size fragments stained with ethidium bromide in agarose gel.
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mine the oxidative conditions leading to apoptosis in
rat hepatocytes. Cells were exposed for 1 h to in-
creasing t-BHP concentrations and LDH leakage
was taken as the necrotic cell death indicator. In
parallel, hepatocyte DNA was electrophoresed to de-
tect the characteristic DNA fragmentation indicating
apoptotic cell death. The results are shown in Fig.
1A,B. As illustrated, LDH leakage increased signi¢-
cantly over basal values (10%) at 0.3 mM t-BHP and
reached more than 30% at 0.5 mM t-BHP, while at a
concentration of 0.4 mM t-BHP DNA fragmentation
became clearly apparent. Collectively these data in-
dicate that exposure to 0.4 mM t-BHP for 1 h in-
duces apoptosis with a minimum of necrosis. To con-
¢rm these data, morphological examination of cells
under t-BHP exposure was performed. Fig. 2A
shows that blebs, which indicate membrane damage
and thus necrotic death, appear at 0.4 mM t-BHP
and increased in intensity with increasing t-BHP con-
centrations. Fig. 2B shows DNA condensation in ap-
optotic cells, stained with Hoechst 33258 (transform-
ing growth factor-L was used as a positive control).
As illustrated, DNA condensation appears to start at
0.2 mM t-BHP as evidenced by the £uorescent inten-
sity, which is indicative of apoptotic activity. The
£uorescent activity increases at 0.4 mM t-BHP but
remains stable even at higher t-BHP concentrations
(data not shown). These data clearly indicate that
t-BHP can induce apoptotic as well as necrotic death
in rat hepatocytes.
In view of this ¢rst series of data, the time course
of the hepatocyte response to the selected t-BHP
concentration was determined. Rat hepatocytes
were exposed to 0.4 mM t-BHP for 8 h and LDH
leakage was analyzed at di¡erent periods of time. As
shown in Fig. 3A, during the ¢rst hour of t-BHP
exposure, LDH leakage increased and then remained
stable for the following 7 h. No LDH leakage was
observed in control cells. It was also during the ¢rst
hour of t-BHP exposure that blebs appeared, as
shown in Fig. 3B. No additional morphological
changes were observed during the following 7 h of
t-BHP exposure (data not shown). Moreover, Fig.
3C illustrates that DNA fragmentation appeared as
soon as 15 min after the addition of t-BHP. These
data suggest that during the ¢rst hour of t-BHP ex-
posure, mechanisms are already at play to induce
hepatocyte death, via either a necrotic or an apopto-
tic pathway.
Fig. 2. Morphological aspect of necrotic and apoptotic hepatocytes. Cells were exposed to increasing t-BHP concentrations for 1 h.
(A) Bleb formation was observable at 0.4 mM t-BHP. (B) After treatment with Hoechst 33258, condensed DNA of apoptotic cells is
visualized using £uorescence microscopy with standard excitation ¢lters. Transforming growth factor-L pretreated hepatocytes served
as positive control.
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3.2. Oxidative stress evaluation
To verify whether exposure to 0.4 mM t-BHP in-
duced oxidative stress, MDA was analyzed. MDA is
a product resulting from lipid peroxidation, and its
formation is correlated with membrane phospholipid
oxidation. As illustrated in Fig. 4A, MDA formation
rapidly increased following t-BHP administration.
To further characterize the e¡ects of oxidative stress,
8-oxoG was analyzed as a marker of DNA oxida-
tion. As shown in Fig. 4B, t-BHP exposure led to a
signi¢cant formation of 8-oxoG. No change was ob-
served in untreated cells (data not shown). These
data demonstrate that 0.4 mM t-BHP induces oxida-
tive damage at the membrane as well as the nuclear
level. Moreover, it was observed that after the ¢rst
hour of t-BHP exposure, MDA levels remained sta-
ble for 7 h, and that 8-oxoG levels decreased after
1 h of t-BHP treatment. This last observation sug-
gests that stress response mechanisms, including anti-
oxidant defense mechanisms and DNA repair, are at
play to protect cells against oxidative damage.
3.3. Pro-apoptotic and anti-apoptotic protein behavior
The next series of experiments aimed at studying
Fig. 2 (continued).
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the signaling molecules involved in the apoptotic re-
sponse to t-BHP. Since the pro-apoptotic properties
of cytochrome c and Bax and the anti-apoptotic
properties of Bcl-2 have been well described [17],
we focused on these proteins in an e¡ort to under-
stand their role under oxidative stress. Cells were
exposed to 0.4 mM t-BHP for 1 h and the relative
levels of the three proteins was analyzed through
Western blotting. These analyses were carried out
on mitochondrial, cytosolic and microsomal frac-
tions.
A signi¢cant increase in cytosolic cytochrome c
was observed following 30 min, but most speci¢cally,
following 60 min t-BHP exposure while cytosolic Bax
was found to decrease by 54% after 60 min. t-BHP
exposure (Fig. 5). Following an apoptotic signal, Bax
has been shown to relocalize in mitochondria where
it increases the mitochondrial outer membrane per-
meability for cytochrome c [21]. As illustrated in Fig.
6A, under our experimental conditions, Bax was
found to signi¢cantly increase in mitochondria 30
and 60 min after t-BHP administration. By contrast,
Bcl-2 was found to signi¢cantly decrease during the
same period of time (Fig. 6B). Knowing that Bcl-2 is
involved in the control of mitochondrial membrane
integrity, it can be concluded that both recruitment
of Bax to mitochondria and the loss of Bcl-2 would
favor mitochondrial cytochrome c release into the
cytosol.
To further study the protein subcellular redistribu-
tion, the presence of cytochrome c in the microsomal
fraction was investigated. As illustrated in Fig. 7A,
t-BHP induced a signi¢cant microsomal accumu-
lation of cytochrome c 60 min after t-BHP exposure.
Moreover, Fig. 7B shows a signi¢cant decrease in
microsomal Bax which starts after 30 min of t-BHP
C
Fig. 3. Time course study of cell survival. Hepatocytes were ex-
posed to 0.4 mM t-BHP for 8 h. (A) LDH leakage was then
measured at di¡erent lengths of time. Data represent means
þ S.E.M. from three separate cell preparations. Asterisks indi-
cate a di¡erence from the activity measured at 0 min that is
statistically signi¢cant. (B) Cytotoxicity visualized by bleb for-
mation was observable after 30 min of t-BHP treatment. (C)
Hepatocytes were exposed to 0.4 mM t-BHP for 1 h. DNA was
extracted and electrophoresed in 2% agarose gel. DNA frag-
mentation was visualized as oligonucleosome-size fragments
stained with ethidium bromide in 2% agarose gel.
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treatment. No variation in either cytochrome c or
Bax was observed in t-BHP-untreated cells. Knowing
that microsomes are derived from the ER, our data
suggest that the ER is involved in apoptotic regula-
tion.
4. Discussion
The ¢rst interesting observation of this study is
that, depending on the t-BHP concentration used,
cell death can be either apoptotic or necrotic. Fig.
1 shows that 0.4^0.5 mM t-BHP corresponds to a
transition point beyond which necrotic death is fa-
vored, and below which apoptotic death is favored.
Indeed, at t-BHP concentrations of 0.4^0.5 mM or
higher cells die by necrosis as evaluated by LDH
release (Fig. 1A) and bleb formation (Fig. 2A). How-
ever, DNA fragmentation, which is an apoptotic
marker, is also observable at the concentrations of
0.4^0.5 mM, suggesting that apoptotic pathways
have been activated. This is not surprising knowing
that apoptosis and necrosis constitute a two-stage
continuum [5]. Indeed, at concentrations of 0.4^0.5
mM t-BHP, DNA fragmentation is clearly observed
(Fig. 1B) while LDH leakage, a necrotic marker,
remains low (Fig. 1A). Moreover, DNA condensa-
tion of apoptotic cells after Hoechst 33258 staining is
already observed at 0.2 mM t-BHP (Fig. 2B). Know-
ing that in apoptotic pathways DNA condensation
precedes its fragmentation [8], it is not surprising that
evidence of apoptosis occurs at t-BHP concentrations
lower than 0.4^0.5 mM. Our data, therefore, include
t-BHP in the hypothesis proposed by Kroemer
[5] that the same toxin or stimulus can induce,
in a dose-related manner, either apoptosis or necro-
sis.
Our studies also suggest that some antioxidant de-
fense mechanisms are activated following t-BHP ex-
posure. Indeed, LDH leakage, bleb (Fig. 3) and
MDA formation (Fig. 4A), which all result from oxi-
dative stress, no longer progress after the ¢rst hour
of t-BHP exposure. Such stabilization indicates that
antioxidant processes have been activated and con-
¢rms an earlier observation from our group showing
that oxidative stress can activate rat hepatocyte anti-
oxidant mechanisms [33]. The extent of protection
o¡ered by the antioxidant defense systems may be
crucial in determining the apoptotic or necrotic path-
way. Under oxidative stress, hepatocytes can proceed
to repair oxidative damage. Fig. 4B shows that
8-oxoG levels decrease after the ¢rst hour of t-BHP
exposure suggesting the activation of DNA repair
by a mechanism which could involve excision repair
enzymes as proposed by Abale¤a et al. [31]. Indeed,
after exposure of rat hepatocytes to ferric nitrilotria-
cetate, these authors observed an increase in oxidized
bases in rat hepatocytes as well as in the extracellular
medium indicating that oxidized bases were excised
and released. Later, these authors further investi-
Fig. 4. Oxidative stress evaluation. Hepatocytes were exposed to 0.4 mM t-BHP for 8 h. MDA (A) and 8-oxoG (B) were then mea-
sured at di¡erent lengths of time. Data represent means þ S.E.M. from three separate cell preparations. Asterisks indicate statistically
signi¢cant di¡erences from the MDA or 8-oxoG levels measured at 0 min.
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gated this hypothesis by RNA blot analysis of DNA
polymerase L gene expression. They found that the
gene was induced, in a dose-dependent manner, by
myricetin, a £avonoid with antioxidant properties
[34].
Our data also provide evidence for the accumula-
tion of cytochrome c in the cytosolic compartment
following t-BHP exposure (Fig. 5A) suggesting a re-
lease of the protein from the mitochondria. Under
basal conditions, cytochrome c is located in the mi-
Fig. 6. Mitochondrial Bax and Bcl-2 analysis. Hepatocytes were exposed or not to 0.4 mM t-BHP for 1 h and mitochondria were
then isolated. Bax (A) and Bcl-2 (B) were then analyzed by Western blotting at di¡erent lengths of time. The autoradiograms were
then analyzed by a densitometry scanner. Data represent means þ S.E.M. from three separate cell preparations. Asterisks indicate sta-
tistically signi¢cant di¡erences from the intensity measured at 0 min.
Fig. 5. Cytochrome c and Bax analysis on cell cytosols. Hepatocytes were exposed or not to 0.4 mM t-BHP for 1 h. Cytochrome c
(A) and Bax (B) were then analyzed by Western blotting at di¡erent lengths of time in cytosolic fraction. The autoradiograms were
then analyzed by a densitometry scanner. Data represent means þ S.E.M. from three separate cell preparations. Asterisks indicate sta-
tistically signi¢cant di¡erences from the intensity measured at 0 min.
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tochondrial intermembranous space [10,16] and its
release depends on mitochondrial outer membrane
permeability [9]. It is well recognized that the disrup-
tion of v8m leads to depolarization and, subse-
quently, to an increase in mitochondrial outer mem-
brane permeability [20]. Moreover, Byrne and his
colleagues [35] have demonstrated that exposure of
rat hepatocytes to t-BHP causes disruption of v8m.
These data support the hypothesis that t-BHP trig-
gers an increase in the mitochondrial outer mem-
brane permeability allowing cytochrome c release
[20]. Thus, we suggest that the redox variation result-
ing from t-BHP treatment causes cytochrome c re-
lease from mitochondria as a result of membrane
depolarization (Fig. 5A).
Our results, moreover, show that t-BHP treatment
causes a reduction of Bcl-2 levels in mitochondria
(Fig. 6B). The Bcl-2 family of proteins ¢nely controls
mitochondrial outer membrane permeability and the
anti-apoptotic proteins Bcl-2 and Bcl-XL have been
shown to control PTP opening. Indeed, it has been
demonstrated that when these proteins leave the mi-
tochondria, apoptotic pathways are favored
[9,20,36]. The disappearance of Bcl-2 from mitochon-
dria could result from a loss of a⁄nity between Bcl-2
and the mitochondrial outer membrane. We have
demonstrated by MDA measurement (Fig. 4A) that
t-BHP triggers lipid peroxidation. Peroxidation of
membrane lipids leads to a decrease in lipophilicity,
which, in the case of the mitochondrial outer mem-
brane, could reduce the a⁄nity for the Bcl-2 hydro-
phobic anchor tail. Thus, it appears that the loss of
Bcl-2, an important regulator of PTP, is a change
likely to promote cytochrome c release.
As illustrated in our studies, t-BHP exposure led to
a decrease of Bax in the cytosol (Fig. 5B), and to an
increase in mitochondria (Fig. 6A). It has been re-
ported that following an apoptotic signal, the cyto-
solic pro-apoptotic protein Bax is relocalized towards
the mitochondria where it forms ionic channels in the
mitochondrial outer membrane and contributes to an
increase in membrane permeability [21,37]. Thus, we
believe that ROS generated by t-BHP can act as the
apoptotic signal responsible for Bax relocalization
towards mitochondria to stimulate cytochrome c re-
lease. However, in our studies, the cytosolic decrease
in Bax occurs after 1 h of t-BHP treatment while its
mitochondrial recruitment occurs as early as 30 min
following t-BHP exposure. We suggest that the
amount of Bax recruited to mitochondria originates
not only from the cytosol but also from the ER. This
observation would explain the delay observed be-
tween the decrease in cytosolic Bax and the increase
in mitochondrial Bax as illustrated by Fig. 7B where
a decrease in microsomal Bax was observed follow-
ing t-BHP treatment. Although Bax is considered
Fig. 7. Microsomal cytochrome c analysis. Hepatocytes were exposed or not to 0.4 mM t-BHP for 1 h. Microsomes were then iso-
lated. Cytochrome c was then analyzed by Western blotting at di¡erent lengths of time. The autoradiograms were then analyzed by a
densitometry scanner. Data represent means þ S.E.M. from three separate cell preparations. Asterisks indicate statistically signi¢cant
di¡erences from the intensity measured at 0 min.
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mostly a cytosolic protein in normal cells [17], Molty
et al. [38] have shown that Bax is present in ER of
sow mammary gland. Moreover, Hoetelmans et al.
[39] have demonstrated the presence of Bax in the
interphase nuclei of cells from human breast cancer
and rat colon cancer using £uorescent confocal mi-
croscopy. These observations support the hypothesis
that in some cell types Bax can be localized in com-
partments other than the cytosol.
Surprisingly, during the present studies, an impor-
tant accumulation of cytochrome c in microsomes of
hepatocytes exposed to t-BHP (Fig. 7A) was ob-
served. Microsomes consist mostly of ER suggesting
that the latter could also be involved in apoptotic
regulation. Some investigators have shown that Bcl-
2 and Bcl-XL are located in the ER membrane
[22,23]. Moreover, Lee et al. [40] have reported that
both proteins were able to block almost all types of
apoptosis. According to Kuo et al. [41], a speci¢c
role for the ER Bcl-2 in apoptosis down-regulation
would be the interaction of Bcl-2 with the ER cal-
cium pump to favor Ca2 uptake, thereby blocking
Ca2-induced apoptosis. Indeed, Ca2 is thought to
activate endonucleases responsible for DNA frag-
mentation during apoptosis [42]. In the light of these
observations, we propose the additional view that
cytochrome c is relocalized to ER, thereby reducing
cytosolic cytochrome c levels and preventing initia-
tion of the caspase cascade. The bu¡ering capacity of
the ER could, therefore, play an important role in
apoptosis down-regulation.
Based on the data obtained during the present
studies, and on previous work [9,12,34], we propose
the following model for the signaling pathways acti-
vated during t-BHP exposure in rat hepatocytes (Fig.
8). t-BHP generates ROS that are responsible for
lipid peroxidation, DNA adduct formation and in-
duction of apoptosis. Changes in mitochondrial
membrane lipid properties, indicated by lipids per-
oxidation, trigger cytochrome c release through the
loss of Bcl-2 and Bax recruitment. In parallel, de-
fense mechanisms are activated to restore normal
conditions: DNA adducts are excised, while lipid
peroxidation comes to a halt because of antioxidant
mechanisms. Moreover, cytosolic cytochrome c is
translocated to the ER indicating that the latter
could act as a bu¡er to neutralize excess cytosolic
cytochrome c. We therefore propose that the trans-
location of cytochrome c from the cytoplasmic to the
ER compartment could eventually constitute a step
in apoptotic down-regulation pathways in rat hepa-
tocytes undergoing oxidative stress.
Fig. 8. Scheme of cellular events during t-BHP exposure. See text for details.
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